The Clinical and Laboratory Standards Institute (CLSI) revised cefepime (CFP) breakpoints for Enterobacteriaceae in 2014, and MICs of 4 and 8 g/ml were reclassified as susceptible-dose dependent (SDD). Pediatric dosing to provide therapeutic concentrations against SDD organisms has not been defined. CFP pharmacokinetics (PK) data from published pediatric studies were analyzed. Population PK parameters were determined using NONMEM, and Monte Carlo simulation was performed to determine an appropriate CFP dosage regimen for SDD organisms in children. A total of 664 CFP plasma concentrations from 91 neonates, infants, and children were included in this analysis. The median patient age was 1.0 month (interquartile range [IQR], 0.2 to 11.2 months). Serum creatinine (SCR) and postmenstrual age (PMA) were covariates in the final PK model. Simulations indicated that CFP dosing at 50 mg/kg every 8 h (q8h) (as 0.5-h intravenous [i.v.] infusions) will maintain free-CFP concentrations in serum of >4 and 8 g/ml for >60% of the dose interval in 87.1% and 68.6% of pediatric patients (age, >30 days), respectively, and extending the i.v. infusion duration to 3 h results in 92.3% of patients with free-CFP levels above 8 g/ml for >60% of the dose interval. CFP clearance (CL) is significantly correlated with PMA and SCR. A dose of 50 mg/kg of CFP every 8 to 12 h does not achieve adequate serum exposure for older children with serious infections caused by Gram-negative bacilli with a MIC of 8 g/ml. Prolonged i.v. infusions may be useful for this population.
H
ealth care-associated infections (HAI), such as ventilator-associated pneumonia, catheter-associated urinary tract infection, surgical site infection, and catheter-related bloodstream infection, may lead to morbidity and mortality in children (1) (2) (3) . Infections caused by Gram-negative bacilli (GNB) are a major cause of HAI, including infections caused by Pseudomonas aeruginosa and the Enterobacteriaceae, such as Klebsiella pneumoniae and Escherichia coli (4, 5) . The incidence of multidrug-resistant GNB, based on the presence of extended-spectrum ␤-lactamases (ESBLs) and AmpC ␤-lactamases, is increasing globally (6) (7) (8) (9) . Infections caused by these organisms are associated with a poor prognosis (10, 11) . Further complicating this clinical challenge is that development of new antibiotics effective against these important pathogens has been slow (12) . It is important to use existing antibiotics effectively whenever possible, using pharmacokinetics (PK) and pharmacodynamics (PD) analyses. Cefepime (CFP), a fourth-generation cephalosporin, is widely used to treat infections caused by GNB in both adult and pediatric patients (13, 14) . Several studies have shown the effectiveness and safety of CFP in treating urinary tract and lower respiratory infections in children (15, 16) . Further, CFP is also an important choice to treat multidrug-resistant GNB, such as AmpC ␤-lactamase-producing strains and several strains of ESBL-producing organisms with MICs that correspond to clinically achievable plasma concentrations of CFP (17, 18) . The Clinical and Laboratory Standards Institute (CLSI) had initially defined susceptible CFP MICs for Enterobacteriaceae as 8 g/ml or less (19) . This interpretation was based on providing a standard dose of CFP. However, clinical failures were noted for infections caused by isolates with CFP MICs of 8 g/ml with the usual CFP doses originally approved by regulatory agencies (20) . Thus, CLSI revised CFP breakpoints for Enterobacteriaceae in 2014 (21) . The MICs of 4 and 8 g/ml have been reclassified in the susceptible-dose-dependent (SDD) category (21) . SDD interpretation is a new interpretive category for antibacterial susceptibility testing. This category implies that susceptibility of an isolate is dependent on the dosing regimen and the MIC. Higher doses or more frequent dosing that leads to higher systemic drug exposure is needed to treat the patients infected with an organism with higher MICs, classified as the SDD category (21) . Pediatric CFP dosing to provide therapeutic antibiotic exposure against SDD organisms has not been defined. Thus, we performed a population PK study of CFP to assess the appropriate CFP dosing regimen for treating infections caused by SDD organisms in neonates, infants, and children.
(Part of this research was presented in part at the 54th Inter-science Conference on Antimicrobial Agents and Chemotherapy, Washington, DC, 5 to 9 September 2014.)
MATERIALS AND METHODS
CFP PK from the data set of two published studies in pediatric patients with a suspected or proven infection and who received CFP intravenously (i.v.) were assembled for analysis (22, 23) . In both studies, CFP concentrations were measured by a validated high-performance liquid chromatography method. Patients who received CFP solely by the intramuscular route were excluded. The data for samples that were below the quantifiable limit (BQL) were also excluded. The following information was collected: postnatal age (PNA), gestational age (GA), postmenstrual age (PMA), body weight, gender, serum creatinine (SCR), and CFP dose, dosing interval, and serum concentrations. Pharmacokinetic analysis. Population PK parameters were determined using NONMEM, version 7.2 (Icon Development Solutions, Ellicott City, MD), with the first-order conditional estimation with interaction (FOCE-I) subroutine. A two-compartment model (ADVAN 3 TRANS 3) was selected. The typical value of clearance (TVCL) was scaled allometrically by the subject weight (weight 0.75 ), and the typical value of the steady-state volume of distribution (TVVss) was also scaled by subject weight (weight 1.0 ) before evaluation of other covariates. The potential impact of clinical covariates on PK parameters was screened by a univar- iate, followed by a multivariate, analysis. Covariates that decreased the objective function by at least 3.84 (P Ͻ 0.05) were included in the multivariate analysis. The multivariate analysis utilized backward elimination, and covariates which decreased the objective function by more than 7.88 (P Ͻ 0.005) were retained. Empirical Bayesian estimates of individual patient PK parameters were generated from the final model using the POSTHOC subroutine. The appropriateness of the final model was confirmed by the bootstrap validation method (n ϭ 1,000). Monte Carlo simulation (MCS) was performed using the final population PK model to determine appropriate CFP doses and intervals for SDD organisms. Joint distributions of age, weight, and serum creatinine from infants (including preterm) and children were used that included 59 different PNA/GA combinations. Term neonates (GA of 36 to 40 weeks) and preterm neonates (GA of 24 to 34 weeks) were included at 1, 7, 14, and 28 days of age. Older children, from 1 month to 18 years, were also included. Various doses and dosing intervals, such as 30 or 50 mg/kg and every 6 to 12 h (q6h to q12h) were tested. Standard and prolonged duration of infusion (30 min and 3 h, respectively) were also assessed. The primary pharmacodynamic target for CFP is percent time above MIC (TAM). We used 20% protein binding to calculate free cefepime in our MCS (24) . For our analysis, we considered 60% free-drug TAM to represent a conservative target, reflecting nearly maximal bactericidal effects in an animal model, which we believe to be more appropriate for pediatric patient populations with some degree of immune compromise, such as neonates (25, 26) . MCS was performed with 2,000 replications for each of the 59 different PNA/GA combinations (118,000 virtual subjects in total). The individual predicted steady-state concentrations at various time points during the dose interval from the Monte Carlo simulation were used to calculate the time above the MIC. Statistical analysis. Statistical analyses were performed by using the statistical software R, version 3.2.0. Correlations between PK parameters and covariates were evaluated by a Spearman test. Table 1 . A total of 91 subjects had 725 plasma concentration measurements. Forty-eight (6.6%) plasma concentrations were collected after intramuscular CFP administration, and four (0.6%) that were BQL were excluded. Through the data-cleaning process, nine (1.2%) concentration values that were considered assay, sampling time, or transcription errors were excluded. Finally, 664 plasma concentrations were used in our analysis. The median patient age was 1 month, but the oldest patient was 16 years of age. The patient age distribution included a large portion of subjects under 1 year of age. Gestational age was available only for those patients under 2 months of age. In this patient population, many of patients were preterm, with a median GA of 29 weeks. The sampling time for measuring the CFP concentrations is shown in Fig. 1 . The majority of samples were obtained within 10 h after CFP administration and included a high portion of samples obtained within 1 h to allow for characterization of the distribution phase. Table 2 shows the effect of each covariate on the base model, with each covariate added one by one into the base model. All covariates except gender significantly improved the model when linked to clearance (CL). Among them, PMA using a nonlinear effect on CL resulted in a better model than PMA using a linear effect; thus, nonlinear PMA was selected. For steady-state volume of distribution (Vss), only GA added a significant improvement to the model. Finally, the full model for multivariate analysis was constructed using these covariates: nonlinear PMA and SCR for CL and GA for Vss. Deleting each covariate one by one demonstrated that all of the covariates were significant. Therefore, this full model was determined as the final model. The relationship between CFP PK parameters from the final model with the noted covariates is shown in Fig. 2 . The CL/kg correlated well with the patient's serum creatinine levels (R ϭ Ϫ0.76) and PMA (R ϭ 0.77). The age-dependent increase in CL reached a plateau around 2 to 3 years of age. A negative relation (R ϭ Ϫ0.65) was found between GA and Vss/kg. The final population PK model is shown in Table 3 . The CFP CL/kg and Vss/kg for typical age groups were calculated by using this model. Typical CL for the age groups were 1.12, 3.33, and 2.42 ml/min/kg for preterm infants (PMA, 32 weeks [GA, 30 weeks; PNA, 14 days]), toddlers (age 2 years), and teens (age 14 years), respectively. We also summarized the PK profile of CFP in different age groups in Table 4 . Last, the relationship between the observed concentration and the predicted concentration in the final model is shown in Fig. 3 . These values are distributed equally, indicating that the model describes CFP PK data well and without bias. The bootstrap validation was performed for checking the stability and reproducibility of this model, and the results are summarized in Table 5 . The successful rate of each run was over 85%, and the median of each model parameter was similar to the respective parameter from the final model. Also the 95% confidence intervals of these parameters from the bootstrap validation excluded 0, indicating accurate parameter estimation.
RESULTS

Patient characteristics are shown in
The Monte Carlo simulation of various CFP dosages was performed to evaluate the appropriate dosing strategy for SDD organisms. The target attainment rates of 60% TAM for various MIC values are shown in Fig. 4 and Table S1 in the supplemental material. The free-CFP concentrations were calculated using the value of 20% protein binding (24) . For preterm (GA of Ͻ36 weeks) neonates less than 30 days of age, CFP doses of 30 and 50 mg/kg q12h easily achieved Ͼ60% TAM for a MIC of 8 g/ml, with a target attainment rate exceeding 94% at both doses. For term (GA of Ն36 weeks) neonates less than 30 days of age, CFP doses of 30 and 50 mg/kg q12h achieved Ͼ60% TAM for a MIC of 8 g/ml, with target attainment rates of 86.4 and 95.3%, respectively. However, for patients older than 30 days of age, the target attainment rate for 60% TAM of CFP at doses of 50 mg/kg q12h and 50 mg/kg q8h for pathogens with a CFP MIC of 8 g/ml were only 32.0% and 68.6%, respectively. In this age group, a dose of 50 mg/kg q8h as a prolonged infusion of 3 h provides sufficient antimicrobial exposure, achieving a greater than 90% target attainment rate for 60% TAM at the MIC of 8 g/ml. We also summarize the target attainment rates for different percent TAM targets for a MIC of 8 g/ml in Fig. S1 in the supplemental material. The dosing regimen of 50 mg/kg q12h for term neonates was still sufficient to achieve an attainment rate of approximately 90% when the need for 70% TAM was assessed, while premature infants achieved an attainment rate of 96% using this dosing regimen.
DISCUSSION
CFP has an important role in the treatment of bacterial infection caused by GNB in neonates, infants, and children. Recently, CLSI revised the CFP breakpoint based on treatment failure for organisms with MICs of 4 to 8 g/ml. CLSI has classified MICs of 4 and 8 g/ml as SDD (21) . The CLSI recommends using the highest doses of CFP originally approved by the FDA for empirical therapy of febrile neutropenia to treat organisms with a MIC of 8 g/ml (2 g i.v. q8h) (20, 21) . However, PK/pharmacodynamics (PD) analysis in children was required to define the appropriate dosing regimen for GNB with a MIC of 4 or 8 g/ml, realizing that children will often have greater renal clearance of ␤-lactams than adults. Cephalosporin antibiotics show time-dependent bacterial killing, and assessment of percent TAM is used as an indicator of clinical efficacy. However, specific targets of percent TAM for each cephalosporin and each patient group are still not well defined and require assessments of factors that may impact host response to the infection, such as age and immune status, and factors that impact the treating clinician's willingness to take a risk of treatment failure (e.g., the severity of infection). To achieve the maximum bactericidal effect in animal models, 60 to 70% TAM is required, particularly for cephalosporins (27, 28) , and several recent articles used 60% TAM of ␤-lactams as their target (25, 29, 30) . Therefore, we also used this value in our current analysis. However, these targets have not been prospectively evaluated in clinical trials in children, and a further prospective study is needed to determine the appropriate target percent TAM for each of the various pediatric populations.
CFP is usually prescribed as 50 mg/kg q8h to q12h for infants and children and 30 to 50 mg/kg q8h to q12h for neonates (31) . For young infants older than 30 days with greater CFP CL values, Monte Carlo simulation shows that the FDA-approved usual maximum dosage regimen of CFP, 50 mg/kg q8h infused over 30 min, did not provide a sufficient attainment rate of 60% TAM for organisms with a MIC of Ն8 g/ml. Based on several reports indicating a poor prognosis of infections caused by organisms with a higher CFP MIC (20, 32) , there is clearly a need to revise the treatment options for infections caused by these organisms. On the other hand, sufficiently high target attainment rates were observed for neonates with a relatively low CFP CL with infections caused by organisms with a MIC of 8 g/ml. Currently existing dosage regimens of 50 mg/kg q12h achieved a target attainment rate of approximately 90% when the need for 70% TAM was as- sessed. This dosing regimen might be appropriate to treat organisms with a MIC of 4 to 8 g/ml in neonates. CFP is usually administered intravenously using an infusion of 30 min. However, if dosing achieves an insufficient TAM, it is important to consider the use of prolonged or continuous i.v. CFP infusion without altering the daily mg/kg dose to provide an increase in the TAM to one associated with clinical and microbiologic cure. By using a prolonged 3-h i.v. infusion of 50 mg/kg q8h, we showed high rates of target attainment in assessing the 60% TAM for children over 30 days of age who had an infection caused by an organism with a CFP MIC of 8 g/ml. Although the clinical utility of prolonged ␤-lactam antibiotic infusions in pediatric patients is still unclear (33), we believe that prolonged infusion of CFP for pediatric patients might be useful for infections caused by organisms with MICs of 8 g/ml.
Our analysis demonstrated the age-dependent change of CFP CL. CFP is primarily eliminated in the urine, and renal function is critical in best evaluating the CFP PK profile. Glomerular filtration rate (GFR) rapidly develops after birth and reaches a similar level as that of adults around the age of 2 years of life. Indeed, weight-adjusted CFP CL (ml/min/kg) reached a maximal value around 2 to 3 years of age in our evaluation. The same phenomenon has been observed for other antibiotics. Madigan et al. reported that vancomycin trough levels were lower in patients 2 to 5 years of age than in patients over 6 years of age with the same dosing regimen (34) . Therefore, by 2 years of age, children might require higher doses, more frequent dosing, or more prolonged infusion regimens to maintain sufficient drug exposure, particularly for pathogens with higher MICs.
We summarize the CFP PK profile in different pediatric age groups based on the published literature (Table 6 ). Lima-Rogel et al. reported PK of cefepime from neonates and young infants (35) . Their CL, Vss, and half-life values were similar to those in neonates in our study. Pediatric patients in this study showed a higher CL value than the adult population (36) .
Our analysis has several limitations. First, our analysis was skewed to patients aged less than 12 months. To build a good prediction model about age, the patient's age distribution should be equally balanced. Second, external validation has not been performed in this study. Third, we performed PK analysis with only a Monte Carlo simulation and did not include the clinical outcomes in this analysis. Thus, we could not evaluate if a difference in clinical outcome depends on the various dosage regimens. Further prospective studies are needed to verify the utility of prolonged infusion for the infection of Enterobacteriaceae with MICs of Ն8 g/ml.
In conclusion, CFP CL is strongly influenced by PMA and SCR. In our analysis, the standard dosage (50 mg/kg q8h to q12h) of CFP may not be sufficient for children older than 30 days who have severe infections caused by GNB with MICs of Ն8 g/ml.
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